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COMYECTIVE HEAT TRANSFER INSIDE PASSIVE SOLAR BUILDINGS*

Robert W. Jones, J. Douglas Balcomb, and Kenjiro Yamaguchi**
Los Alamos National Laboratory
Los Alamos, New Mexico 87545
(505) 667--6441

ABSTRACT

Natural convection between spaces in a build-
ing can play a major role in energy transfer. Two
situations are investigated: convection through a
single doorway into a remote room, and i convec-
tive loop in a two-story house with a south sun-
space where a north stairway serves as the return
path. A doorway-sizing equation is yiven for the
single-door case. Detailed data sre given from
the monitoring of airflow in one two-story house
and summary data are given for five others. Ob-
servations on the nature of the uirflow and design
guidelines are presented.

INTRODICTION

Natural convection can play a major role in
distributing heat throughout passive solar build-
ings. Remote rooms can be effectively heated by
air convectiun through a doorway that connects the
remotc room to a solar heated room. Experimental
results from several buildings show typical day-
time convective heat flow of 1000 to 2000 Btu/h
driven by temperature differences of 3 to 5OF
between rooms providing adequate heat for comfort.
These results are in good agreement with a simple
doorway courrelation equation. Convection through
single doorways wes found to be the major mecha-
nism for distribution of heat from the sunspace to
the house 1n the Balcomb solar home, accounting
for transier of 16.3 million Btu during a 6-month
winter period (Balcomb, Hedstrom, and Paercy,
1981), Analysis shows that the large swings tin
sunspace temperature aid in this exchange; haat
storage in the materials of room surfaces was alsc
found to be quite importa .

A more complex situation concerns {-ternal
convective loops that can play a vitdl rola in
distribution of solar heat. In a typical cese,
heat s convected from a sunspace through upper
doorways or windows into the house, through hall-
ways, down a stairway, and returns to the sunspace
through doorways at the lower level. Severe)
Santu Fe houses that have such loops have besn
monitored using smoke sticks, anemometers, and
thermocouples. The data, analyzed to dete wine
airflows and energy flows, indicate that the flow
pattern i3 often complex, involving a main lonp
and several subloops.

SCALE-MODEL EXPERIMENTS

Scale-mode) experiments have been conducted to
determine the characteristics of simple doorway
convection (Wray and Weber, 1979 Weber, Wray, and

Kearney, 1979; Weber and Kearney, 1980). Existing
results provide for the following estimate of the
convection through a dourway at a point in time:

Q= e6wy(naT)I , 1)

where Q = convective heat flow, Btu/h,
w = door width, ft,

h = door height, ft, and

AT = room-to-room temperature

di fference, OF.

This relation can be used to determine the
required door width needed to supply the heat
losses from a remote room by using the same equa-
tion to describe average conditions. To do this
we set Q equal t the 24-hour average heat loss of
the room, in which case AT is the 24-hour avereage
room-to~room temperature difference:

.. (2)

4.6y (h a1)3

For example, if the averige inside/outside
temperature difference 1in January i{s 309F and
the loss coefficient of the room (UA) is 60 Btu/h,
Q= 30 x 60 = 1800 Btu/h, average. If the maxi-
mum, tolerable, average AT from room to room is
49F, the omcessary width of a standard 6-ft
8-in. door is

1800
L s
4.6/(6.67 x 8)3

Detafled numerical expariments wtire performed
to determine the validity of the steady-state
sisumption wunier time-varying cond'tions using
typica)l hourly room temperature and outside-
temperature measuraments ade 1in passive solar
houses (Balcomb, 1983). The conclusion of this
investigation 1is that the 4T giver by Eq. (2) 1s
quite close to the average room-to-room AT for
cases of moderate roum-temperature swing (for
example, AT = 1.69F, Q = 800 Btu/h, source
room-temperature swing = 79F). However, {f the
sourre room-temperature swing 1s large, the equa-
tion tends to overpredict the average AT. Thus,
using Eq. (2) to size donrwass 1s a conservative
approach, the AT achieved will be 2qua) to or less
than the tolerance value desired.

= 2.84 ft + 34 in.

Another set of experiments i3 currently in
progress with an improved anparatus. luoe results
are expected to have grester precision and cover a
wider range of cases. Several doorway and room

*Work was performed under the auspices nf the US Department of Energy, Office of Solar Heat Technologies.

**Guest Scfentist, Ohbayashi-Gumi, Ltd., 2-chome, Kanda Tsukasa-cho, Ch'yoda-ku, Tokyo, Japan.



shapes as well as convection along a corridor are
also being studied.

Future work will include the weasurement of

convectiv ' ~at flow in more complex geometries,
particular thuse shown to be of promise in stud-
fes c¢f full  ale buildings.

FULL-SCALE BUILDINGS

A convective 1oop, shown in Fig. 1, is between
a two-story-high sunspace and the attached two-
story house. Such & loop can be described as a
“heat engine.” Figure 2 shows this schematically.
Heat is added in the south side of the loop, and
the same amount of heat is withdrawn on the north
side. Air flows around the loop because of the
difference in densities between the south leg and
the north leg. In fact, we can calculate the flow
rate based on the difference in average tempera-
tures between the two legs. It {s also possible
for heat to be removed along the top leg of the
loop; this 1s particularly effective in driving
the loop because 1t increas.s the avera,> density
along the vertical north leg. Lastly, it is pos-
sible for heat to be removed along the bottom re-
turn leg; this 1is not very effective in driving
the loop because 1t does not contribute to the
increased density in the north vertical leg.

|
SUNSPACE | HOUSE

Fig. 1. Typical natural convective ioop in a two-
story house with a sunspace.

———e
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Fig. 2. "“Heat engine" representation of a convec-
tive loop. The engine ix the air motion, and the
driving mechanism {35 heat added on one side and
removed on the other.

This 1investigation 1is not concerned with the
double-envelope house concept, a cpecial case that
has been much debated. It 1s, instead, concerned
solely with loops that involve normal architectur-
al elements within a building, such as hallways,
stairways, other rooms in the building, and door-
ways connecting these spaces.

Air velocity and temperature measurements have
been made in six buildings that incorporate natu-
ral convective loops involving a sunspace and oth-
er architectural features (Balcomb and Yamaguchi,
1983). In most cases these loops are inadvertent;
that is, they were not intentional or even per-
ceived by the owner or designer. Measurements
were made near midday during relatively sunny
weather; a summary of these results for six houses
1s given in Table I. The results, which will be
reported in detail in future Los Alamos reports,
have been very encouraging, indicating large con-
vective energy exchange.

Typical results, snown below in Table I for
the third building, were gathered in a two-story
house with a linear sunspace covering the entire
south facade. The house 1s Model 4 in the la
Vereda subdivision in Santa Fe, designed and built
by Communico (Susan and Wayse Nichols). Floor
plans are shown in Fig. 3. Although two-way air-
flow occurs in every doorway, the major flow is
from the sunspagce into the upper level through two
double doors, and . About half of this
flow retur to the sunspace through a door at
midlevel, (1] (the house 1s split-level), and the
remainder flows down a stairvay and west along the
downstairs hall, , returning through two down-
stairs bedrooms, and ®.

Vertical air-velocity profiles were measured
in each doorway, two examples of which are shown
in Figs. 4 and 5. Volumetric airflows in each
direction are calculated by integrating the veloc-
ity profiles for each doorway; the results are
then adjusted to achieve the necessary overall
mass balances for each zone, assuming no effect
attributable to outside air infiltration. These
adjustments are always within the range of air
velocities measured.

Air-temperature profiles were also me.sured,
and energy flows are calculated by integrating the
product of afr velocity times temperature. Final
results for the house are shown in Fig. 6, com-
prising airflows, velocity-weighted average tem-
peratures, and energy Flows by natural convection.

Data vaken in other buildings have been ana-
lyzed in the same way to obtain the results fin
Table I. Some of the more interesting observa-
tions are as follows:

o Ip one house a 2-ftZ laundry chute fin the
north part of the house provides a return air
path for 183 cfm of air, helping to heat a
remota north bathroom.

o In another house a series of tweive 1-ft-
diameter ducts was ‘ntentionally installed to
provide a return air path to the sunspace. A
combined airflow of 465 cfm was measured
passing through these ducts compared with a



TABLE 1
SUMMARY OF CONVECTION DATA MEASURED IN SIX HOUSES

Sunspace Sunspace Sunspace to House
Height Glazed
Ares Connecting Energy
Doorway Typical Total Transport by
Area AT Airflow Convection
# of Storfes 1t? 1e2 Of CFM Btu/h
2 400 80 6 1680 17700
1 180 31 3 660 2430
2 410 14 5 2240 15500
2 570 49 10 1670 21100
1.5 310 64 4 1029 5110
2 210 82 4 1190 4870
70 CFM TO DINING ROOM 80°F
/
4 16.6 12
JA°F 864 CFM TO SUNSPACE

L
1; R EPM

Eif. 4. Corrected velocity profile in aperture

located between the dining room and the sun-
space.

LIVING ROOM

n'e 184 CFM TO SUNSPACE

Fiy. 3. Floor plans of La Vereda, Mode) 4. The

west end is two story and the east, entry end s

single story at an intermediate level, Arrows on Fig. 5. Corrected vclocity profile {in aperture
steirs show traffic down. Circles refer to room [§f. located between th: 1iving room and the sun-
numbers and squares refer to aperture numbers. space.
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- 15880 Bwu/h

return aicflow of 1014 cfm through a single
27-in. door opening.

In most, but not all, cases, two-way flow is
observed in the apertures.

AMr stratification 1s pronounce. 1ir some
buildings and almost nonexistent in others.
This 1s not yet well understood.

Warm airflow is generally across the ceiling
and cold airflow along the floor, as expected.

Different air streams do nrot seem to mix
readily and, thus, flow to their destinations
without interferencea. The warmest availzble
air stresm seems to flow to the coldest spot.
Consequently, the airflow pattern seems to
develop in & manner that will most nesrly
equalize the temperature distribution in the
building.

The zero-flow point in each doorway (the point
where the flow velocity changes dirvection) 1s
8t about the same level in doorvays that con-
nact to the same large space, as expected.

Small level changes, stepping down from north
to south, help greatly in convective exchange,
maintaining warmer north-room floor tempera-
tures.

Fig. 6. Natural airflow diagram in La
Vereda, Model 4, at 2:00 p.m., January 1,
1983, a sunny day. See Fig. 3 for identi-
fication numbers of rooms (circles) and
apertures (squares). Airflow riic: and
velocity-weighted average temperatures are
shown for each airflow direction for each
aperture. Net energy-flow rates are shown
for the rooms, but note that rooms 1, 8,
and 9 cannot be disagaregated so that the
total energy deposited 1in the three rooms
{11980 Btu/h) refers to the region enclosed
by the dotted line. Poom temperatures
shown are :19F, Greenhouse temperatures
ranged from 68OF near the floor to 820F
near the cefling.

o Discomfort can be experienced in the evening
i1f cool return air is channeled onto the feet
of sitting people. This 1is observed in a
house with a two-story Trombe wall forming the
south side of the living room. Convection is
driven up the Trombe wall and across the ceil-
ing into upper-level bedrooms; air returning
from these rooms collects on a balcony over-
lookirg the 1iving room. This cool air then
funnels d-wn the stairway and streams across
the 1iving room floor at high velocity.
Floor-level perforations along the length of
balcony that would a'low the return air to
spi11l into the 1living room at low velocity
would have been a simple remedy.

o Air convection inside the Karen Terry direct-
getn residence (Terry, 1976) was observed to
be very small, with pronounced stratification.
Because solar fnains are distributed uniformly
through the bu'lding, there is 1ittle need to
move heat horizontally and, thus, little
convection.

Although the work described here {s still in
?rogrus. certain design guidelines emerge clear-

. It 1s evident that a major amount of heat can
be distributed and stored inside a buflding by
convection from a sunspace. The major driving
mchanism for this convection i3 the heat engine,
driven by solar heating on one side and heat



removal on the opposite side (both by heat storage
in walls and daytime heat losses). That design
can benefit most frow effective convective ex-
change whose designer is fully aware of the prin-
ciples involved.

The key design factor is proper layout of the
building so that convective loops can operate ef-
fectively. This can usually be accomplished with-
out architectural compromise. In fact, in most
cases studied, no conscious attempt to achfeve a
convective loop was made; 1t resulted, strictly in
serendipitous fashion, fram architectural consid-
era:ions.

In designing for a convective loop, the de-
sfgner shouird make multiple use of building ele-
ments as ofte. as possible. Do not contrive a
convective loop for i1ts own sake but rather try to
work 1t in with normal traffic flow. The follow-
ing list suggests one type of convective loop,
starting with the source of heat and moving around
in the same direction as the airflow.

e A sunspace makes an excellent heat source to
drive the convective loop because high temper-
atures (80OF) are available {in sunny weath-
er. Because the flow velocity varies as the
square root of the height, it is desirable to
make the space as high as practical. A two-
story building with a two-story sunspace has
been found to work effectively; greater
heights would probably work even better, &1-
though the tendency for temperature to strati-
fy might be exacerbated. A dark-colored mass
wall at the back of the sunspace will aid in
absorbing the solar radiation and will heat
the air as it rises.

e Provide a large opening at the top of the sun-
space for the air to enter the upper story.
Doors are excellent for this purs;ose, although
largé operable windows can also be used.
Loors are preferable because they are larger
and are more apt to be opened during the day.
A shallow balcony opening onto the top level
of the sunspace is a popular design element.
If vents at ceiling nefght are used, it is not
necessary to close them during the night be-
cause closing openings at the return end will
effectively shut off the loop.

e Provide for air”low across the upper level of
the buiiding from the south side to the north
side. This 1s conveniently achieved using a
hallway, although other rooms can also be
used.

¢ Provide for downflow of air in the north part
of the house; a stairwell serves this purpose
ideally. The fact that th~ air may have to
bend around corners to get across the bufld-
ing, down the stairs, and into tie lower por-
tions of the building fs of no great concern
$0 lony as the flow area {is adequate. It f1s
desirable for this path to be against the
north wall both to increase the airflow and to
assure that the convective loop can effective-
1y supply the heat loss.

e Arrange for air return through the Tower floor
and back into the sunspace. Again, this might
be through a hallway or simply across a room.
A doorway that can be closed in this portion
of the path 1s essential to prevent cool air
from the sunspace from flowing back into the
building, tending to reverse the loop at
night. Windows are not effective for this
purpose because they will not allow cool
fioor-level air to return to the sunspace.

e Provide one or more level changes at the
ground floor, stepping down from the north
side of the house toward the south. This
makes the floor level of the sunspace the
lowest point in the loop so that cool air will
drair to this spot. One or two steps should
be sufficient. Elevate any planting beds in
the sunspace.

Future work is expected to include the follow-
ing:

o Measurements will be made over longer periods,
perhaps for several days.

o The theory will be developed to allow quanti-
tat.ve prediction of convective exchange in
complex situations. These calculations will
be reduced to algorithms for use in computer
simulation models.

¢ /dditional design guidelines, including quan-
titative estimation procedures, will be formu-
lated and transferred to the design community.

ACKNOWLEDGMENT

We are grateful to the many people who &llowed
us to come into their homes and make measurements,
to Richara Cottrell, Donald Neeper, Edward Mazria,
and students at the University of Colorado for
ciscussions regarding the concepts, and to Phillip
Henshaw for his perceptions of airflow patterns.

REFERENCES

J. D. Balcomb, J. C. Hedstrom, and J. E. Perry,
Jr., "Performance Summary of the Balcomb Solar

Home," Proc. of the Annua) AS/ISES Meeting, Phila-
de1phia - PerRsyTVaRTa— Way 26~ 30, TOBT—TAs/ ISES

Newark, Delaware, 1981), pp. 1001~1005.

W. 0. Wray and D, D. Weber, "LASL Similarity
Swudies: Part 1, Hot Zone/Cold Zone: A Quantita-
tive Study of Natura) Heat Distribution Mechanisms
in Passive Solar Buildings," Proc. of the Fourth
National Passive Solar Conference, Kansas City,
Wissouri, Uctober J-F, /1SES, Newark,
Delaware, 1979), Yol. 4, pp. 226-230.

D. D. Weber, W. O. Wray, and R. J. Kearney, “LASL
Sensitivity Studies: Part II, Similitude Nodo]ing
in Interzone Heat Transfer by Natural Convection,
Proc. of the Fourth Natjonal Passive Solar Con-
Terence, Kansas City, WMissourl, Uctober 3-5,

S, Newark, Delaware, 1979), Vol. 4, pp.
237-234.




D. D. Weber and R. J. Kearney, “Natural Convective
Heat Transfer Through an Aperture in Passive Solar
Heated Buildings," Proc. of the Fifth National

J. D. Balcomb and K. Yamaguchi, “Heat Distribution
by Natural Convection,” Proc. of the Eighth
National Passive S$olar Conference, Santa Fe, RNew

passive Solar Conference, Amherst, Massachusetts,
ctober -2b, /1SES, Newark, Delaware,
1980), pp. 1037-1041. (LA-UR-80-2328)

Jd. D. Balcomb, “Heat Storage and Distribution
Inside Passive Solar Buildings," Los Alamos
National Laboratory report LA-9694-MS (1983).

Wexico, September 5-10, LS, Newark, Dela-
ware, 1983).

K. Terry, “The Karen Terry House," Proc. of the

First Passive Heatinﬂ and CooHng Conference,
Albuquerque, New x1¢o, y

=T, » 0s
Alamos Scientific Laboratory report LA-6637-C.




